We have reviewed 30 patients at a mean of 36 months after free vascularised fibular transfer to reconstruct massive skeletal defects after resection of primary bone tumours. There were 23 malignant and 7 benign neoplasms, half in the lower limb and half in the upper. Arthrodesis was performed in 15 and intercalary bone replacement in 15. The mean fibular graft length was 189 mm.
Small skeletal defects after trauma or bone tumour resection may be successfully treated by conventional bone grafting, but this is inadequate for the massive defects created by en bloc resection of bone tumours. The reconstruction of such defects is still a challenging problem. In 1975, Taylor 1 first reported the successful use of a vascularised fibular graft for the reconstruction of a tibial defect 2 and many other reports have followed. The first description of its use after resection of bone tumours was by Weiland in 1981. 11 Free vascularised fibular grafts are particularly useful to restore large diaphyseal defects because of their shape and mechanical properties. 11, 26 Many authors have discussed the indications, techniques, results and prognostic factors for different types of pathology. 1, 8, 13, 17, 19, 21, 26, [31] [32] [33] We have reviewed a consecutive series of 30 patients after reconstruction by vascularised fibular transfer, assessing function after a minimum follow-up of two years.
PATIENTS AND METHODS
Over eight years, a total of 130 free vascularised fibular grafts were performed at the Mayo Clinic. We studied 30 which involved a neoplasm of a long bone, and were able to make functional assessments of 24 of the 30 patients at over two years of follow-up or at failure of the graft. The patients were staged according to the system of the Musculoskeletal Tumor Society, and major complications and secondary operations were documented. After operation, all patients had a clinical and radiographic review at 3-monthly intervals for the first two years. The most recent followup was used for this report. Radiographic evaluation. We required unequivocal radiographic evidence of bone healing of graft and osteotomy sites 13 including uninterrupted external bony borders between the fibular graft and the recipient bone, obscured or absent osteotomy lines at both junctions, and clinical resumption of normal function and weight-bearing without discomfort.
We assessed hypertrophy of the fibular graft by the method of DeBoer and Wood, 34 using a graft hypertrophy index, I n , as:
where G1 = graft diameter at proximal junction at surgery R1 = host bone diameter at the proximal junction at surgery G2 = graft diameter at proximal junction at followup R2 = host bone diameter at the proximal junction at follow-up.
A positive index value confirms hypertrophy and a negative value represents graft atrophy. We recorded hypertrophy only if the graft index had increased by more than 20%.
34
Stress fracture of graft. We diagnosed a stress fracture 34 from a fracture line, local periosteal callus formation along the graft, fracture lines on tomography, local photodensity on radionuclide bone scanning, and localised pain and tenderness. Functional evaluation of patients. We assessed patients on the revised functional evaluation system of the Musculoskeletal Tumor Society 35 , which includes movement, pain, deformity, stability, strength, functional activity and emotional acceptance and grades them as excellent, good, fair and poor for each anatomical site of reconstruction. To allow summary scores we counted excellent as 5 points, good as 3, fair as 1 and poor as 0. An excellent overall result requires an excellent grade in a minimum of six of the seven categories. Statistical analysis. The Mann-Whitney method was used to compare the variables of two different groups, with Kaplan-Meier analysis to estimate the overall survival and function of the patients at different times. A log-rank test was used to compare the different variable factors on the time-related results; p < 0.05 was considered to be statistically significant.
RESULTS
The results are summarised in Table I . The 16 men and 14 women had a mean age of 30 (10 to 62, Table II) , and the mean follow-up was 36 months (24 to 85). Fifteen cases involved each of the lower and upper extremities, and two patients had multiple lesions. There were 23 malignant neoplasms, including eight chondrosarcomas, five osteosarcomas, five adamantinomas, and one each of Ewing's sarcoma, malignant fibrous histiocytoma, leiomyosarcoma, reticulum cell sarcoma and alveolar soft tissue sarcoma. Six were in stage IA, six IIA, ten IIB and one IIIA. The seven benign lesions were five giant cell tumours, one fibrous dysplasia and one venous haemangioma.
Free vascularised fibular grafts were undertaken for 18 primary resections of bone tumours, four neoplastic nonunions, three pathological fractures, three recurrent bone tumours, one inadequate resection and one failure of a conventional nonvascularised bone graft (Table III) . The length of resection was 129 mm (80 to 240) and the mean length of graft was 189 mm (100 to 300). Half of the patients had an arthrodesis and half had intercalary reconstruction. The average duration of operation was 7.7 hours and the average blood transfusion was 1310 ml. The fibular graft was fixed with a plate and screws in 18 patients, by an intramedullary nail in five and an external skeletal fixator in the remaining seven. All 30 had supplementary bone grafting with iliac corticocancellous autograft at the graft/host junction. An additional nonvascularised fibular autograft was used in two cases and six had further supplementation with femoral head allografts.
Complications. There were three cases of infection and three graft/host nonunions (Table IV) . Supplementary allograft needed removal in two of the three infected cases. One of these had above-knee amputation for uncontrollable infection, the second needed soft-tissue cover with secondary autogenous bone grafting, and the third had a second vascularised fibular transfer. The latter two cases eventually achieved union.
Of the three nonunions, custom segmental bone and total knee replacement was used in one case, with poor functional results; autogenous bone grafting was used successfully in the second, with excellent limb function. The third had no further treatment and had poor function. All the cases of nonunion and infection had poorly vascularised recipient beds after reoperations due to tumour recurrence, fibrous scarring or previous nonunion.
There were stress fractures of the fibular graft in three patients at 8, 18 and 26 months postoperatively; all healed uneventfully with conservative treatment. All were in the lower limb and had minimal fixation using only short plates or screws at the graft/host junction.
Other complications were recurrence of an osteosarcoma at seven months postoperatively, and local recurrence of a giant cell tumour successfully treated with excision. Quadriceps contracture developed after one distal femoral lesion and graft, but the patient had fair limb function. Minor claw toe deformity in one patient had little functional consequence, and extension deformity due to contracture of the extensor hallucis longus developed in one case. Slight migration of the proximal segment of the remaining fibula was seen in another patient, but gave no obvious functional disability. No case with soft-tissue complications had fixation of the distal malleolus to the tibia. In total, secondary operations were required in seven of the 15 patients with complications (Table IV) . Graft union and hypertrophy. Graft union took an average of 7.6 months; 34 (76.7%) had union after the initial fibular transplant; four required a secondary procedure. One had a second vascularised graft, two had autogenous iliac bone graft and one had electrical stimulation. Three patients (10%) never achieved bone union.
Excluding the four cases involving the radius and ulna, a total of 19 of the 23 primary unions were studied to assess graft hypertrophy. This was definite in seven of the 19 patients (37%), with six of the 12 in the lower limbs showing hypertrophic change to a mean of 77% (45% to 118%) at an average of 31 months (6 to 55). Only one of the seven upper limb grafts showed hypertrophy, to 48% at 16 months. There is a statistically significant difference between the upper and lower limbs, but none between intercalary replacements and arthrodeses. Numbers were too small to analyse according to method of fixation. Table I . Summary of the use of vascularised fibular grafts for the reconstruction of massive skeletal defects after resection of musculoskeletal neoplasms Functional results. Function was assessed in 24 available patients (Table V) . There were nine excellent results (38%), seven good (29%), six fair (25%) and two poor (8%). Further analysis was in two categories: arthrodesis (n = 10) and intercalary replacement (n = 14). In the arthrodesis group, seven patients had complete pain relief but the remaining three had moderate pain; all with graft union had excellent joint stability. The affected limb showed no deformity in three patients, mild in one, moderate in five, and severe deformity with nonunion in one. Muscle strength was normal in three, good in five, fair in one, and poor in one. One patient had no functional loss, four had recreational restriction and five were partially disabled. Half of them were enthusiastic about their result and half were less satisfied. The overall results were good in four, fair in five and poor in one. No excellent ratings were achieved because of the poor range of joint motion.
Of the 14 patients with intercalary grafts, 11 had excellent movement and one patient each was rated good, fair and poor in joint mobility (Table V) . Twelve patients were pain free, one had mild pain, and one moderate. Joint stability was either excellent or good in this group; 11 had no limb deformity, two had mild deformity, and one had a severely deformed limb. Joint strength was excellent in 11 patients and good in three. Nine had no functional loss, three had recreational restriction and two were partially disabled. Eleven patients were enthusiastic about their operative results, one was satisfied, and one was not satisfied. The overall rating was excellent in nine, good in three, fair in one and poor in one. Case report. A 20-year-old white woman with vague discomfort of the right leg for one year had an osteolytic lesion of the anterolateral cortex of the distal tibial diaphysis (Fig. 1) , and biopsy confirmed an adamantinoma. En bloc resection was followed by reconstruction using a free vascularised fibular transfer supplemented with autogenous iliac bone. The reconstruction was immobilised by an external skeletal fixator. There was early callus at the proximal and distal junctions at three months and solid union at five months (Fig. 2) . Free ambulation was allowed; a stress fracture developed at eight months and was treated conservatively in casts (Fig. 3) . The fracture healed by 17 months with moderate hypertrophy of the whole graft, which had increased at 23 months (Fig. 4) . Radiographs showing an osteolytic lesion of the anterolateral cortex of the right distal tibia, later shown to be an adamantinoma.
Fig. 2
Three months after en bloc resection and reconstruction with a vascularised fibular graft augmented with autogenous cancellous graft using external fixation for immobilisation. There is early callus formation at the proximal and distal junctions. Radiographs at 17 months showing a solid fusion both proximally and distally. A stress fracture is healing at the midsection and there is a moderate degree of hypertrophy (I n = 25%). At 23 months the stress fracture has completely healed and graft hypertrophy is unchanged (I n = 26%).
DISCUSSION
Several anatomical sites can be used as donors for a free vascularised bone graft. 4, 917, 22, 36 Fibular transfer is probably the most suitable for a large defect in a long bone, because of its length, geometrical shape 11 and mechanical strength. 37, 38 Vascularised fibular grafting offers an effective alternative treatment after ablative resection of locally aggressive benign or low-grade malignant bone tumours. 11 It allows a more radical resection of the pathology without concern for the reconstruction of a resulting massive defect. This may help to explain the relative low rate of local recurrence in this and other series.
11
Our overall union rate of 90% compares favourably with other reports [10] [11] [12] 14, 20, 28, 33 and the time to union was shorter than after traditional bone grafting. 39 Immediate postoperative morbidity was high, but most of the problems resolved without significantly affecting the final outcomes. 11, 13, 22, 28 The clinical history of the patients with infection or nonunion show that both complications were related to multiple reoperations leaving a poor vascular bed. Patients who had arthrodeses had less satisfactory function because of loss of motion, lack of muscle strength and the restriction of daily activity.
An advantage of a vascularised fibular transfer is its ability to hypertrophy. Enneking 40 All our stress fractures occurred in the lower limb, and may be related to excessive loading and the loss of protective feedback, possibly due to the disturbance of mechanoreceptors along the periosteum of the transferred fibula. 13, 48 One problem is the low initial mechanical strength of a single transferred fibula, 49 which suggests that even after union, the operated limb should be protected until hypertrophy has made the diameter of the graft approximate to that of the host bone. Jupiter et al 46 proposed that the shaft of the transferred fibula be split transversely preserving its periosteum. The two parallel struts are vascularised by a single peroneal pedicle, and the effective cross-sectional area of the graft is doubled. Similar techniques were independently described by Jones et al 50 and O'Brien et al. 51 The relationship between graft hypertrophy and stress fractures has also been discussed in a prior study. 34 Vascularised free fibula grafts offer an effective means of reconstruction of a segmental bone defect after tumour resection. Postoperative complications are high, but most of the problems can be resolved. Multiply operated cases, have a higher propensity for graft nonunion or infection. Stress fracture and graft remodelling could be ameliorated by better graft fixation.
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